We describe the structural and ultrastructural sequence of events that occurs during the acrosome reaction process in Cancer setosus Molina, 1782. No change is observed in spermatophores extracted from the male vas deferens and incubated in different concentrations of seawater; the spermatozoa are not released nor do they experience the acrosome reaction. Only spermatozoa from the masses in seminal receptacles of females undergo acrosome reaction. The acrosome reaction begins with an elongation of the acrosomal vesicle after the spermatozoa are incubated for 15 to 20 min in seawater. During this elongation, the material in the perforatorial chamber is extruded and spread on the outer side walls of the acrosome forming a ring-shaped opening at the anterior region of the acrosome. The ring-shaped material moves to the posterior region, thus increasing the diameter of the anterior opening of the acrosome. In the following stages, an acrosomal filament is extruded and extends beyond the anterior end of the acrosome. The distal end is enlarged and then divided into three thin terminal extensions.
INTRODUCTION
During mating, male decapod crustaceans transfer spermatozoa to the female via spermatophores. The spermatophores are pedunculated for Anomura and non-pedunculated in Brachyura, Achelata, Astacidea, and Caridea. Brachyuran species present spherical spermatophores embedded in seminal fluid that are secreted by the proximal vas deferens. The spermatophores vary in size, contain from five to several hundred spermatozoa (Simeó et al., 2010) , and are transferred to the female together with the seminal fluid through the gonopods (modified pleopods). These modified appendages allow transfer of spermatophores directly to the female spermatheca, which is joined to the oviduct. The spermatheca or seminal receptacle is a specialized structure that receives the seminal fluid containing spermatophores and permits the release of the spermatozoa from the spermatophore; the spermatozoa can remain stored therein for long periods without losing viability. Females of some crab species, e.g., Maja squinado (Herbst, 1788) and Menippe mercenaria (Say, 1818) , are known to experience between four and 10 successive spawnings in the laboratory without having to copulate again (Cheung, 1968; Morgan et al., 1983) , whereas others are able to store viable spermatozoa for periods of up to one year (Jivoff et al., 2007; Anderson and Epifanio, 2010 ). An inseminated female can have as many as eight batches of fertilized eggs without the intervention of any male. It is estimated that most females spawn three successive times during an annual cycle (González-Gurriarán et al., 1998) . ina and Rodríguez, 1992) that occupies most of the cell body. Although there have been many studies on the structure and ultrastructure of brachyuran spermatozoa (Jamieson, 1991; Jamieson and Tudge, 2000; Tudge, 2009) , only some of them have contributed to the understanding of the process of acrosome reaction and the way the spermatozoa penetrate the egg coat (Pochon-Masson, 1968; Goudeau, 1982; Medina, 1992; Kang et al., 2009; Zhang et al., 2010) . Most of the studies on the spermatozoa structure of the genus Cancer do not provide details that contribute to the understanding of the acrosome reaction process (Langreth, 1965 (Langreth, , 1969 Brown, 1966; Pochon-Masson, 1968; Jamieson et al., 1997) , although some do (Demestre and Fortuño, 1992; Moriyasu et al., 2000) .
The acrosome reaction of invertebrates is initiated by ionic, biochemical, or osmotic changes of the environment or interactions between the spermatozoa and the oöcyte coat (Schackmann, 1989) . The hairy crab, Cancer setosus Molina, 1782 is one of economic importance to the artisanal fishery along the southeastern Pacific coast. This species is endemic to the Pacific coast of South America from the Equator (0°S) to Taitao Peninsula, Chile (47°S). Cancer setosus is a benthic predator that inhabits the intertidal zone and the subtidal zone to 45 m deep. Despite its importance in regional artisanal fisheries, there are few studies on the reproduction of the hairy crab (Goldstein and Dupré, 2010) . The present study determines, for the first time in this species, the morphological changes experienced by the sperm cells after being removed from the female spermatheca and being placed in seawater. [Cancer setosus Molina, 1782 is probably a synonym of Romaleon polyodon (Poppig, 1836); see Ng et al. (2008) for details. Its use here is tolerated only because of regional practice.] MATERIALS AND METHODS Animals Mature male and female specimens of C. setosus were caught in La Herradura Bay (29°58 S-71°22 W) by divers and kept in a 60-L tank with filtered seawater in an opencircuit aquarium. Before being dissected, each specimen was anesthetized on ice for at least 30 min, until not responding to external stimuli.
Sperm Collection
Spermatophores from the terminal regions of the vas deferens (males) and spermathecae (females) were removed and placed in a Petri dish with seawater. The semen from the vas deferens was placed in filtered seawater (FSW; 35 g/L) at different dilutions (100-80-20%) to attempt osmotic rupture of the spermatophores and subsequent release of the spermatozoa. To obtain the spermatozoa from spermathecae, the spermatic mass was placed in FSW for 15 to 20 min and later dyed with 1% methylene blue for light microscopy or processed for scanning electron microscopy.
Microscopy
For examination under light microscopy, the dyed spermatozoa were mounted on a slide and analyzed at a magnification range of 40× to 100×. The different stages of the acrosome reaction were registered with a digital camera, and the morphometric parameters were measured with the software Image Pro-Plus 4.5. For scanning electron microscopy, spermatozoa from female spermathecae in different stages of the acrosome reaction were fixed for 24 h in a solution of 3% glutaraldehyde in FSW and washed three times for 10 min each in FSW at 4°C, dehydrated through an ascending ethanol series, point-critical dried with CO 2 in a Samdri-780A, sputter-coated with gold in a JEOL JFC-1100, and examined on a JEOL JSM-T300 scanning electron microscope.
RESULTS

Spermatophores from Spermathecae and Vas Deferens
Spherical spermatophores containing five to 30 spermatozoa from vas deferens were observed (Fig. 1) . After placing the spermatophores in seawater for 20 min, however, the rupture or disintegration of the spermatophore wall was not obtained. In some of these spermatophores, the shape of the spermatozoa was found to change within the spermatophores, but the spermatophore wall remained intact.
Contrary to that which was previously observed in males, no spermatophores were observed sperm mass from the female spermathecae, although a high number of free spermatozoa were embedded in a white gelatinous matrix. When the spermatozoa were placed in seawater, only those from the spermathecae of the females underwent acrosome reaction.
Sperm Morphology
The spermatozoon is comprised of two different morphological regions: the spheroidal acrosome in the anterior region and the cup-shaped nucleus in the posterior region. The spherical body of the spermatozoa (diameter: 3.5 ± 0.4 μm; n = 23) is due mainly to the spherical acrosome (diameter: 3.4 ± 0.9 μm; n = 23). The nucleus surrounds the basal or posterior half of the acrosome (as evidenced by staining). The nucleus is a cup-shaped structure that extends from the equatorial region to the posterior region, which has a wrinkled or striated surface. The nucleus is significantly thicker around the equatorial region of the acrosome, forming an ex- tension that surrounds it (Fig. 1A) ; from the lateral view, this appears as two arms ( Figs. 2A, 3A) . The anterior region of the acrosome shows an apical cap or disc-shaped operculum that is slightly curved with a central depression ( Fig. 2A-D) , covering the distal end of the acrosome tube. The perforatorial chamber, which is observed inside the acrosome, averages 2 μm in length and 0.69 μm in width and extends from the operculum to the posterior area of the nucleus (Fig. 3A-D) . In spermatozoa extracted from the spermatheca, the operculum is concave or has a clearly pronounced pit (diameter: 0.76 μm) in the center (Figs. 1B-C, 2D).
Acrosome Reaction Stages After being incubated for 15 to 20 min in filtered seawater, the spermatozoa undergo a dramatic change of shape. This change is divided into five sequential steps, as detailed in Figs. 3, 4 and 5.
Stage 1: The spermatozoa shows the first evidence of the acrosome reaction, an anterior elongation of the acrosome, changing from spherical to pear-shaped. The equatorial zone of the nucleus begins to move and concentrate (Fig. 3C) , at the back of the spermatozoa body (Figs. 3C-E, 4A-D).
Stage 2: The elongation of the acrosomal vesicle continues until forming an anterior opening through which material is extruded from inside the acrosome and dispersed around the outside of the acrosomal wall. This extruded material forms a ring around the opening. The nucleus continues the compaction in the back of the sperm body (Figs. 3D, 4B).
Stage 3: The ring of extruded material moves through the outside walls of the acrosome to the posterior region, generating a larger-diameter opening in the anterior region of the acrosome (Figs. 2E, 3D-F, 4C ).
Stage 4: During this stage, the perforatorial chamber is violently extruded, forming an acrosomal filament that is projected beyond the anterior end of the acrosome in the center of the anterior opening. An arrowhead-shape structure occurs at the distal end of the acrosomal filament (Figs. 3F-G, 4D-H). The extruded material then continues moving over the outer wall of the acrosome and the nucleus is concentrated in the posterior region of the acrosome (Figs. 3G, 4H-I).
Stage 5: The most notable event of this stage is the transformation of the distal end of the acrosomal filament from an arrowhead-shaped structure to a trident-shaped structure. The acrosome wall becomes thinner and only the outermost part of the acrosome remains (Figs. 3H, 4J, 5F ).
DISCUSSION
In species with internal fertilization such as C. setosus, the spermatophores are stored in the spermatheca of the female. However, the fertilization process requires that spermatozoa be released from the acellular sheath of the spermatophores (Hinsch, 1986; Diesel, 1989) . This was observed in C. setosus, and the spermatozoa mass from the spermathecae of the females contained a large amount of spermatozoa embedded in a gelatinous matrix without the presence of spermatophores or spermatophore walls. The disintegration of the spermatophores may be explained by the action of secretions or "enzymes" released from the glandular epithelium of the spermathecae, as shown in different species (Ryan, 1967; Adiyodi and Anilkumar, 1988; Alfaro et al., 2003 Alfaro et al., , 2007 . In other species such as Chionoecetes opilio (Fabricius, 1788) (Beninger et al., 1988) and Inachus phalangium (Fabricius, 1775) (Diesel, 1989) , spermatozoa are released from the spermatophores by the action of seawater entering the spermathecae through the vagina, and the glycoprotein secreted by the epithelium of spermathecae helps control the bacterial flora (Beninger et al., 1993) . However, the releasing of spermatozoa from spermatophores by seawater is not supported by our results, as we never observed the dissolution of the spermatophores when treated with seawater. On the other hand, Adiyodi and Adiyodi (1975) suggested that in addition to the secretions produced by the spermatheca, secretions introduced by the male during insemination would be useful for nutrition and preservation of spermatozoa within the spermatheca. Fig. 4 . Scanning electron microscopy view of different stages of acrosome reaction (AR) of spermatozoa from spermathecae of Cancer setosus. A, Sperm at the beginning of the AR, observe apical depression (o) and slightly condensed nucleus (n); B, Acrosomal elongation continues and extruded material forms a ring (an) around anterior opening of acrosome; C, Ring of extruded material moves through outside wall of acrosome, generating a larger-diameter opening in anterior region, (r) ring-shaped material, (af) acrosomal filament in its initial stage; D, E, F, Material located inside perforatorial chamber extruded, forming acrosomal filament (af); G, Ring-shaped structure (r) forms large opening at anterior end of acrosome and arrowhead-shaped structure at distal end of acrosomal filament (af); H and I, Condensed nucleus (n) and acrosomal filament (af); J, Distal end of acrosomal filament forms trident-shaped structure in lateral view. With respect to the spermatophores from the vas deferens, our results suggest that the presence of a secretion (perhaps an enzyme) in the spermatheca is necessary to break down the wall of the spermatophore and release the sperm, as demonstrated by the mass of spermatozoa without spermatophores found in the spermathecae.
Spermatozoa Morphology
Most Brachyura spermatozoa consist of a spherical acrosomal complex with a perforatorial chamber inside, a subacrosomal region, and three or more arms radiating from the cup-shaped nucleus. The acrosome is composed of several concentric layers showing varying electron density under transmission electron microscopy. An external, low-density layer forms the main portion of the acrosome and covers another higher-density layer that forms the perforatorial chamber, which contains many microtubules-like packed in a membrane (Hinsch, 1988) . This description coincides with the morphology of the spermatozoa of Cancer borealis Stimpson, 1859 (Langreth, 1965 Benhalima et al., 2002) , Cancer pagurus Linnaeus, 1758 (Jamieson et al., 1997) , and, in general, also with the morphology of C. setosus. However there are many other species as Latreillopsis gracilipes Richer de Forges, 1981 (Jamieson, 1994; Jamieson and Tudge, 2000) ; Geryon fenneri Manning and Holthuis, 1984 ; Geryon quinquedens Smith, 1879 (Hinsch, 1988 ; Uca tangeri (Eydoux, 1835) (Medina, 1992) ; Eriocheri sinensis Milne-Edwards, 1853 (Kang et al., 2009) and, Scylla serrata (Forskål, 1775) (Zhang et al., 2010) that coincide with the species of Cancer.
The spermatozoa of some species show three or more distinct nuclear arms radiating from the body and sometimes containing microtubules. However, this characteristic is not consistent with the spermatozoa of C. setosus, which have, rather than arms, a single continuous projection around the equatorial region of the acrosome that contains the nuclear material. The lack of arms has also been observed for Dendrobranchiata such as Aristeus antennatus (Risso, 1816) (Demestre et al., 1997) , Peisos petrunkevitchi Burkenroad, 1945 (Scelzo and Medina, 2004) , and Petalomera lateralis (Gray, 1831) (Jamieson, 1990) . Medina (1992) suggests that the arms are important for the adherence of spermatozoa to the egg coat during fertilization. Therefore, the spermatozoa of C. setosus might use a different strategy for adhering to the oöcyte.
Acrosome Reaction Oöcyte fertilization requires that the spermatozoa undergo an acrosome reaction allowing the spermatozoa to interact with and penetrate the oöcyte. Because reduced spermatozoa function decreases fertilization efficiency, it also lowers recruitment for aquaculture as well as population replenishment in natural environments. Acrosome reaction is potentially a good indicator of impaired spermatozoa function (Zhang et al., 2010) .
The acrosome reaction consists of an initial eversion of the acrosomal material and a secondary eversion of the material found within the perforatorial chamber (Jamieson et al., 1997; Kang et al., 2009; Simeó et al., 2010; Zhang et al., 2010) . These two phases of the acrosome reaction were also observed in C. setosus, with the first phase corresponding to the eversion of the inner acrosomal material to form a ring of extruded material in the anterior zone of the acrosome. This left a front opening that increases in diameter as the acrosomal material is extruded. The second phase comprises the explosive extrusion of the acrosomal filament. The filament extrusion could be generated by tubules located inside the tube, as suggested by Hinsch (1969) for Libinia. Polymerizations of microtubules-like generate a forward projection of the perforatorial chamber material (Talbot and Chanmanon, 1980; Hinsch, 1988; El-Sherief, 1991) , although Tudge et al. (1994) showed that tubulin molecules were present in C. pagurus. Other actin-associated molecules such as the proteins α-actinin, tropomyosin, and spectrin were also identified within the spermatozoon of C. pagurus using specific polyclonal antibodies (Tudge et al., 1994) .
The acrosome reaction of C. setosus ends with the formation of a trident-shaped structure (in lateral view) at the distal end of the acrosomal filament (present study). This structure was not mentioned in any other Brachyuran species.
Another notable aspect of the spermatozoa of C. setosus extracted from female spermathecae was the occurrence of the acrosome reaction in seawater without the presence of oöcytes or in a solution of oöcytes, as previously noted for other species such as U. tangeri (Medina, 1992) , E. sinensis (Kang et al., 2009) , and S. serrata (Zhang et al., 2010) . However it is necessary to test if the presence of oöcyte or oöcyte water trigger the acrosome reaction in C. setosus.
It has been proposed that the mechanism that causes the spermatozoa to change shape is due to ions present in the seawater that activate the polymerization of cytoskeletal proteins. This mechanism has been suggested for Rhynchocinetes typus Milne-Edwards, 1837 (Dupré and Schaaf, 1996; Dupré and Barros, 2011) , the crab E. sinensis (Kang et al., 2009) , and the lobster Homarus americanus Milne Edwards, 1837 (Talbot and Chanmanon, 1980; Gesteira and Halcrow, 1988) . For the last two species and the shrimp Sicyonia ingentis (Burkenroad, 1938) the main cause of the acrosome reaction is Ca ++ . The first stage depends on Ca ++ and is inhibited by high pH (Clark et al., 1981a, b) , and the second phase is dependent on a decrease in intracellular pH (Griffin et al., 1987) . In species of the shrimp genera Litopenaeus, Byrdie, and Trachypenaeus, as well as Litopenaeus occidentalis (Streets, 1871) (Alfaro et al., 2003 (Alfaro et al., , 2007 , the spermatozoa only changed shape if a solution of seawater with oöcytes was added to the sperm. Several authors have suggested that the propulsion of microtubules inside the perforatorial chamber is a mechanism that favors the movement of nuclear and subacrosomal material toward the front, where eversion occurs during the fertilization of acrosomal material (Talbot and Chanmanon, 1980; Hinsch, 1986 Hinsch, , 1988 . The presence of microtubules inside the perforatorial chamber has been described for many crabs spermatozoa including Callinectes sapidus (Rathbun, 1896) (Brown, 1966) , Pinnixia sp. (Reger, 1970) , Cancer (Langreth, 1965) , Ovalipes ocellatus (Herbst, 1799) (Hinsch, 1986) , Pilodius areolatus (Milne Edwards, 1834) (Tudge, 2009) , and C. pagurus (Jamieson et al., 1997) . Similar mechanisms may be involved in the acrosome reaction for acrosomal filament formation in P. setosus.
Acrosomal Reaction Stages
This study identified five stages in the C. setosus acrosome reaction. Although these stages may overlap with the two main stages (elongation of the acrosomal vesicle and extrusion of the acrosomal filament) reported for U. tangeri (Medina, 1992; Medina and Rodriguez, 1992) , Portunus trituberculatus (Miers, 1876) (Zhu et al., 2004) , E. sinensis (Kang et al., 2009) , H. americanus (Talbot and Chanmanon, 1980) , and S. serrata (Zhang et al., 2010) , dividing the two main events of the acrosome reaction into other stages affords greater understanding of the thinning of the acrosomal wall and the nuclear condensation that occurs in the second stage of the P. setosus acrosome reaction. These have also been described for the shrimp A. antennatus (Demestre et al., 1997) , the lobster H. americanus (Talbot and Chanmanon, 1980) , and the crab E. sinensis (Kang et al., 2009) .
In the final stage of the acrosome reaction, the distal end of the acrosomal filament is transformed into a tridentlike structure (in lateral aspect) and the acrosomal vesicle walls become thinner, leaving only the outer portion. These characteristics show that the acrosome reaction in C. setosus is not comparable to that described for C. pagurus (Jamieson et al., 1997) , although they might not belong to the same genus (see Ng et al., 2008: 53) . Nor has this feature of the C. setosus acrosome reaction has been found in U. tangeri (Medina, 1992) , E. sinensis (Kang et al., 2009) , S. serrata (Zhang et al., 2010) , C. sapidus (Brow, 1966) , Carcinus maenas (Linnaeus, 1758) or C. pagurus (Jamieson et al., 1997) .
Another important aspect of the acrosome reaction of C. setosus is the absence of a plasma membrane covering the anterior opening at the beginning of the reaction, suggesting that the fusion of membranes could occur during the sperm-egg interaction or while gathering the extrusion of the acrosomal filament. Similar results were obtained in H. americanus (Talbot et al., 1991) , in which membrane fusion occurs before the extrusion of the acrosomal filament because, according to those authors, observations with a transmission electron microscope did not show a membrane surrounding the filament being formed.
For a better understanding of the mechanism by which the perforatorium is ejected and the driving force for the extrusion of the acrosomal material during the acrosome reaction, transmission electron microscopy studies identifying the ions that generate the acrosome reaction are also needed.
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